This study investigated the link between trace element concentrations and respective diets of two shorebird species present in the Pertuis Charentais, Atlantic coast of France: the Dunlin (Calidris alpina) and Redshank (Tringa totanus). Trace elements concentrations (Ag, As, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, Zn) were investigated in the liver, kidney, muscle and feathers of 28 dunlins and 15 redshanks accidentally dead during catches by mist net.
Introduction
Coastal ecosystems ranks today among the most endangered ecosystems in the world due to human activities (Halpern et al., 2008; Vitousek et al., 1997) . The degradation and/or the alteration of the habitats are partly the result of the massive dispersion of toxic compounds in environments (Nriagu, 1996) . Among wild populations, 48 % of shorebird species are declining due to the degradation and loss of habitats anywhere along their flyway Scott, 2006, Stroud et al., 2006) . Furthermore, birds exploiting intertidal systems are particularly vulnerable to contaminants because they are relatively long-lived species that bioaccumulate contaminants throughout their whole life and feed at the top of their food chain (Burger, 1993) .
The Atlantic coast of France appears a central position on the East-Atlantic flyway of shorebirds between breeding sites in high latitudes like arctic area and/or in Northern Europe, and wintering area of Southern Europe and/or Western Africa (Delany et al., 2009 ). The Pertuis Charentais on the French central Atlantic coast are the major wintering sites for shorebirds in France (Mahéo, 2011) . Among all the shorebird species present in this area, the Dunlin Calidris alpina has the highest numbers with more than 145,000 individuals present each year. Three subspecies encompassing five populations, C. a. alpina, C. a. schinzii, and C. a. arctica, have been identified in the area during wintering or stopover. In addition, this species is protected in France since 1981. The Redshank Tringa totanus encompasses three subspecies T. t. robusta, T. t. Britannica and T. t. totanus in Europe. In the Pertuis Charentais, c. 2,000 individuals are counted each mid-winter year. Both species use intertidal mudflats to feed on macrofaunal prey but they are able to switch their diet in various sites along their migratory pathways (Dierschke et al., 1999; Masero and Pérez Hutardo, 2001) .
Despite its major role for stopover and wintering of shorebirds, the Pertuis Charentais also constitute a contaminated area. Indeed, this ecosystem is subject to increased inputs of some trace elements through the discharges of four important rivers, i.e. the Seudre, the Charente, the Sèvre Niortaise and the Gironde (Pigeot et al., 2006) , which lead to subsequent bioaccumulation in the macrofaunal community Miramand, 2004, 2005) and, therefore, in the prey of shorebirds. Consequently, shorebirds are exposed to different non-essential (and thus potentially toxic beyond a threshold) elements such as silver (Ag), cadmium (Cd), lead (Pb), and mercury (Hg), and also essential elements that could be toxic at high levels such as arsenic (As), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), manganese (Mn), nickel (Ni), selenium (Se) and zinc (Zn) . Trace element bioaccumulation of shorebirds has previously been reported in two distinct studies (Lucia et al., 2012ab) for the Black-tailed Godwit Limosa limosa which mainly feed on the bivalve Macoma balthica (Robin et al., in press) and the Red Knot Calidris canutus whose diet is mainly composed of the gastropod Hydrobia ulvae (Quaintenne et al., 2010) . Importantly, in these two species, sublethal effects triggered by elements such as Ag, As, Cd, Cu, and Se were evidenced on genetic expression, enzymatic and protein levels. Specifically, the up-regulation of mitochondrial genes such as cytochrome c oxidase 1 in godwits presenting higher elemental concentrations tended to suggest that shorebirds feeding in the Pertuis Charentais might have additional energetic costs related to the detoxification of these contaminants (Lucia et al., 2012a) .
In aquatic systems, food constitutes the major exposure route of waterbirds to trace elements. As of today, one of the main goals in ecotoxicology is therefore to investigate more precisely the trophic ecology of species to better understand exposure pathways and explain contaminant concentrations in animal populations. In this field, stable isotopes have provided an increasingly powerful means of linking wild animal populations to their diet and ultimate contaminant source (Jardine et al., 2006; Jarman et al., 1996) . Furthermore, over the past decade stable isotopes have been validated in assessing the biomagnification potential of a variety of contaminants and in evaluating the exposure threat encountered by wildlife that rely on aquatic food webs as a source of food (Campbell et al., 2005; Quinn et al., 2003) .
The first objective of the current study was therefore to investigate the trace element concentrations of two species of the local shorebird community: the Dunlin and Redshank and to compare these results to previous data obtained on two other abundant shorebird species:
the Black-tailed Godwit and the Red Knot (Lucia et al., 2012ab) . Consequently, the concentrations of the 13 trace elements cited above were determined in the liver, kidney, muscle and feathers of these shorebirds. The relation between trace element concentrations of each tissue was examined to highlight if concentrations in feathers reflect concentrations of internal tissues. The second aim of this study was to investigate the link between trace element concentrations and the respective diets of shorebird species of the Pertuis Charentais.
Carbon (δ 13 C) and nitrogen (δ 15 N) stable isotopes were therefore analysed in the liver, muscle and feathers of dunlins and redshanks and compared to previous data obtained in godwits and knots to investigate the effect of diet on trace element loads in shorebird species occupying similar habitats.
Material and methods

Study site and sampling
On the French central Atlantic coast lies a huge network of estuarine bays and islands known as the "Pertuis Charentais" (N46°09', W1°09'). The Pertuis Charentais are the main wintering and/or stopover sites during Spring and Autumn migration for shorebirds in France (Mahéo, 2011) . Therefore, birds are monthly caught by mist net for ringing purposes. Of the 28,058 individuals caught belonging to the four species studied, 89 individuals accidentally died and were consequently used in the current study. Red Knot Calidris canutus (n = 15), Black-tailed Godwit Limosa limosa (n = 31), Dunlin Calidris alpina (n = 28) and Redshank Tringa totanus (n = 15) were collected between May 2003 and February 2011 at four sites in the Pertuis Charentais: Ré Island, Aiguillon Bay, Yves Bay and Marennes-Oléron Bay (Fig.   1 ). Data on trace element concentrations for godwits and knots have been previously published but were used in the present study in order to investigate and compare the patterns of bioaccumulation of the different species.
Whenever it was possible, sex and age class (juvenile/adult) were determined for each individual during the dissection. The liver, kidney, pectoral muscle and breast feathers were sampled, weighed to the nearest gram (wet weight, ww), placed in individual plastic bags and stored at -20°C. Liver, kidney and muscle samples were later freeze-dried and weighed again (dry weight, dw). Freeze-dried tissues were then ground and stored in individual plastic vials until further trace element and isotopic analyses. Breast feathers were washed to remove oil and dirt in a chloroform-methanol solution (2:1) in an ultrasonic bath for two minutes.
Afterwards, they were rinsed in two consecutive pure methanol baths for a few seconds and dried at 40 °C for 48 hours prior to being used for trace element and stable isotope analyses.
Trace element determination
Total Hg analyses were carried out in shorebirds by atomic absorption spectrophotometry with an Advanced Mercury Analyser (ALTEC AMA 254) on dried tissue aliquots (liver, kidney, pectoral muscle, breast feathers) ranging from 4 to 50 mg (± 0.01 mg) depending on the Hg concentration in the tissue following the protocol described in Bustamante et al. (2006) . Mercury analyses were run under a thorough quality controlled program that includes analysis of Certified Reference Material (CRM; lobster hepatopancreas TORT-2; National Research Council, Canada). Standard aliquots were treated and analysed according to the 6 same conditions as the samples. The results were in good agreement with the certified values, with a mean recovery rate of 92%. The detection limit was 5 ng Hg g -1 dw.
Ag, As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se and Zn were analysed using a Varian Vista-Pro ICP-OES and a Thermo Fisher Scientific XSeries II ICP-MS in the liver, kidney, pectoral muscle and breast feathers. Aliquots of the biological samples (30-300 mg) were digested with 6 ml 67-70% HNO 3 and 2 ml 34-37% HCl (Fisher Scientific, trace element grade quality), with the exception of feathers (3 ml HNO 3 and 1 ml HCl). Acidic digestion of the samples was carried out overnight at room temperature, then using a Milestone microwave (30 min with constantly increasing temperature up to 120°C, then 15 min at this maximal temperature). Each sample was brought up to a volume of 50 ml (or 25 ml for feathers) with milli-Q quality water. Three control samples (two CRMs and one blank) treated and analysed the same way as the samples were included in each analytical batch. The CRMs were dogfish liver DOLT-4 (NRCC) and lobster hepatopancreas TORT-2 (NRCC). Quantification limits and mean recovery rates were, respectively, equal to 0.1 µg L -1 and 82% for Ag, 1 µg L -1 and 98% for As, 0.1 µg L -1 and 94% for Cd, 0.1 µg L -1 and 99% for Co, 0.1 µg L -1 and 102% for Cr, 5 µg L -1 and 93% for Cu, 20 µg L -1 and 86% for Fe, 5 µg L -1 and 90% for Mn, 0.2 µg L -1 and 101% for Ni, 0.1 µg L -1 and 86% for Pb, 0.5 µg L -1 and 109% for Se, and 20 µg L -1 and 98% for Zn. Trace element concentrations are expressed in µg g -1 dw. Values below the quantification limit were taken into account in calculating of the means by assigning them values one-half of the detection limit for the given element (e.g. a value < 0.02 was reported as 0.01 µg g -1 dw).
Nitrogen and carbon stable isotope analysis
Stable isotopes were determined on the liver, muscle and breast feathers of birds. Cleaned feathers of shorebirds were chopped using surgical scissors and accurately weighed (± 0.001 mg) to a range between 0.2 and 0.5 mg. Liver and muscle samples were also weighed with the same accuracy and in the same range of masses. All samples were placed in tin capsules for carbon and nitrogen stable isotope analysis and analysed using an elemental analyser (Flash EA 1112 fitted with a "No Blank" option, Thermo Scientific, Milan, Italy) coupled to an isotope ratio mass spectrometer (Delta V Advantage, Conflo IV interface, Smart EA option, Thermo Scientific, Bremen, Germany). The results are reported in δ unit notation (expressed in per mil relative to standards: Vienna Pee Dee Belemnite for δ 13 C and N 2 in air for δ 15 N). 7 The analytical precision of the measurements was < 0.06 ‰ and < 0.1 ‰ for carbon and nitrogen, respectively.
Statistical analysis
As normality and homogeneity of variance were not achieved despite log 10 (x+1) transformation (Cochran C test), non-parametric analysis of variance (Kruskal-Wallis and Mann-Whitney U-test) was applied to assess differences in trace element concentrations between species, tissues, sexes or age classes using the software Statistica 7.1. Nonparametric analyses of variance (Kruskal-Wallis test) were also employed to study differences in stable isotopes values between species. Moreover, the Spearman test was applied to all correlations achieved in this study.
Principal Component Analysis (PCA) was used to identify trends in the distribution of trace element concentrations among individuals collected. Ag, As, Cd, Cu, Fe, Hg, Mn, Se and Zn concentrations were used as variables for each analysis. Co, Cr, Ni and Pb concentrations were excluded of the analyses in reason of their low levels. Each trace element concentration was first normalized (mean was subtracted and the difference was then divided by standard deviation). Four separate analyses were performed on (1) liver, (2) kidneys, (3) muscle and (4) feathers data. These analyses were performed using the PERMANOVA + package (Anderson et al., 2008) from PRIMER v6 (Clarke and Gorley, 2006) .
Results
Trace element bioaccumulation in tissues
The mean concentrations and ranges of the 13 trace elements in the liver, kidney, muscle and breast feathers of the dunlins and redshanks are presented in Tables 1 and 2 for nonessential and essential elements, respectively. Generally, non-essential trace element concentrations were low, especially for Ag and Pb. Among tissues, the highest Ag concentrations were found in the liver of redshanks (Table 1) . Concentrations of Cd were significantly higher in the kidney and liver of both species than in the other tissues (Kruskal-Wallis test, all p < 0.05). It should be noticed that the elevated Cd concentrations in these tissues showed important variations between individuals in redshanks (Table 1) . Indeed, five individuals out of the 15 sampled ones reached concentrations equal or above 3 µg g -1 dw in their liver, and seven birds were also above this level in the kidney. Furthermore, Cd concentrations were positively correlated between all the tissues for dunlins and all the internal tissues only (liver, kidney, muscle) for redshanks (Spearman correlation test, all p < 0.05). Concentrations of Hg were the lowest in the muscle of both species, whereas liver and feathers highly accumulated this element. Positive correlations were observed between Hg concentrations of all the tissues for dunlins (Spearman correlation test, all p < 0.05). In contrast, concentrations of this element were only significantly linked between the liver and kidney (R = 0.79) and the kidney and muscle (R = 0.60) for redshanks.
In the case of essential trace elements, Co, Cr and Ni concentrations were relatively low in the four tissues and for both species. Arsenic concentrations were significantly higher in the liver and kidney especially compared to feathers (Table 2 ). In dunlins, As concentrations of the liver, kidney and muscle were positively correlated to each other. In contrast, As concentrations of redshanks were only correlated between the liver and muscle. For this element, 43% of the dunlins and 53% of the redshanks exceeded concentrations of 5 µg g -1 dw in the liver. Iron and Se were also mainly bioaccumulated in the liver and kidney of both species. Nevertheless, Se concentrations of all tissues were positively correlated for both species (Spearman correlation test, all p < 0.05). The Se:Hg molar ratios were calculated in liver and kidney of redshanks and dunlins. The ratios always exceeded 1 for all the birds and ranged between 2.6 and 56.6 in the liver, and 2.5 and 93.1 in the kidney. Concentrations of Fe were only correlated between internal tissues (liver, kidney, muscle). Manganese was principally bioaccumulated in the feathers, especially for dunlins. Nevertheless, Mn concentrations of feathers were not correlated with other tissues studied. No significant differences appeared for Cu, with the exception of the highest concentrations observed in the muscle of dunlins. Conversely, Zn concentrations were different between all the tissues studied, especially for dunlins.
Comparison of trace element bioaccumulation between species
Figure 2 presents a principal component analysis which was performed on the liver, kidney, muscle and feathers data to identify trends in the distribution of trace elements using dunlins and redshanks but also red knots and black-tailed godwits from the Pertuis Charentais.
In reason of their low concentrations with many data below the detection limit of the analytical technique, Co, Cr, Ni and Pb were excluded from the analysis. The first two axes extracted 55.8, 52.1, 52.9, and 43.4% of the variance of the data clouds in the liver, kidneys, muscle and feathers, respectively. In the liver, red knots were characterized by important As and Se concentrations, whereas black-tailed godwits were characterized by elevated Ag, Cu, Fe, Hg, Mn and Zn concentrations ( Fig. 2A) . Some of the redshanks displayed higher Cd concentrations. In contrast, dunlins were not characterized by any particular element.
Generally, the same trends can be observed in the kidney for each species. A majority of red knots were still characterized by important Se concentrations and black-tailed godwits by elevated Ag, Cu, Fe, Hg and Zn concentrations. Nevertheless, some individuals of this species were also discriminated by elevated Cd concentrations in this tissue. The main difference came from dunlins which appeared to be discriminated by their high As concentrations. This trend was also found in the muscle ( Fig 2C) and corroborated by the elevated As and Se concentrations observed in dunlins and red knots ( Table 2 ; Lucia et al., 2012b) . In the muscle, godwits were discriminated by important Cu, Fe, Hg and Zn concentrations. Finally, dunlins were also characterized by higher As and Se concentrations in feathers while no significant trends can be observed for the other species in this tissue.
Influence of sex, age and body weight on trace element bioaccumulation of the Dunlin and Redshank
No trace element bioaccumulation differences could be tested between sites for the species because of the low number of individuals from Ré Island, Aiguillon and Yves bays.
Indeed, the great majority of the birds were sampled at Marennes-Oléron Bay and the location was therefore not taken into account for further comparisons.
The sex of 27 dunlins (females: n = 10, males: n = 17) and 14 redshanks (females: n = 8, males: n = 6) was successfully determined during dissections. For dunlins, only few discrepancies were observed between males and females for most of the considered trace elements. Nevertheless, females displayed significantly higher Se concentrations than males in the kidney (15.1 ± 3.1 vs 10.3 ± 4.8 µg g -1 dw, respectively; Mann-Whitney U-test, p = 0.014) and muscle (8.4 ± 2.4 vs 6.1 ± 3.4 µg g -1 dw, respectively; p = 0.045). Females also had higher As concentrations in the muscle than males (4.9 ± 2.2 vs 3.2 ± 1.9 µg g -1 dw, respectively; Mann-Whitney U-test, p = 0.035). On the contrary, males displayed significantly higher Cu concentrations than females in feathers (16.9 ± 2.6 vs 14.8 ± 2.4 µg g -1 dw, respectively; p = 0.045).
For redshanks, females had significantly higher trace element concentrations than males for As (7.4 ± 3.2 vs 3.8 ± 2.4 µg g -1 dw, respectively; p = 0.039) and Se (14.7 ± 5.8 vs 8.4 ± 1.9 µg g -1 dw, respectively; p = 0.028) in the liver, for Mn (7.8 ± 2.0 vs 5.9 ± 0.7 µg g -1 dw, respectively; p = 0.020) in the kidney, and for Hg (3.0 ± 1.3 vs 1.4 ± 0.7 µg g -1 dw, respectively; p = 0.020) in the feathers.
Birds were categorized in two age classes (juveniles and adults). With only two juveniles redshanks sampled, the comparison between age-classes was not carried out for this species.
Dunlins, however, demonstrated differences in elemental bioaccumulation between juveniles and adults. Cu concentrations were indeed significantly higher in juveniles than adults in the liver (18.8 ± 3.8 vs 15.8 ± 1.7 µg g -1 dw, respectively; Mann-Whitney U-test, p = 0.015) and kidneys (16.4 ± 2.2 vs 14.1 ± 1.9 µg g -1 dw, respectively; p = 0.010). 
Relationship between trophic position, feeding habitat and trace element bioaccumulation
Trophic positions and foraging habitats, assessed respectively through the determination of δ 15 N and δ 13 C, of the four shorebird species were investigated in the liver, muscle and feathers (Fig. 3) . In general, in the three tissues studied, the Redshank presented noticeably more positive values δ 15 N than the other species. In the liver, the Red Knot showed significantly a less positive δ 15 N value than the Dunlin and a less negative δ 13 C value than all the other species studied (Kruskal-Wallis test, p < 0.05). This trend is also observed in the muscle for δ 13 C. Indeed, the Red Knot displayed a less negative carbon signature than the Black-tailed Godwit. In the feathers, the Godwit showed a more negative δ 13 C value than the Redshank.
All species confounded, δ 15 N was positively correlated with Hg concentrations of the liver (R = 0.37), muscle (R = 028) and feathers (R = 0.48; Spearman test, p < 0.05). The species with the highest Hg concentrations displayed also more positive δ 15 N values (Fig. 4) . Indeed, the Redshank which displayed the highest Hg concentrations in the three tissues also appeared to have more positive nitrogen isotopic signatures. In contrast the Red Knot had often lower Hg concentrations and δ 15 N values than the other species, especially in the liver and muscle.
The same trend was observed for As in the feathers (R = 0.35) and for Se in the muscle (R = 0.53) and feathers (R = 0.34). These two last element were also positively linked with carbon isotopic signatures in the liver (R = 0.28 and 0.24) and the muscle (R = 0.30 and 0.29) and the feathers (R = 0.54 and 0.40) for As and Se, respectively. In contrast, Hg concentrations were negatively correlated with δ 13 C values in the liver (R = -0.24).
Influence of age-class and sampling season on trophic position and feeding habitat
The influence of age-class on isotopic signatures was investigated for all species. For most of the age-class comparisons, no isotopic signature differences appeared, especially for redshanks and red knots. Nevertheless, adult of dunlins displayed higher δ 13 C values than juveniles in the feathers (Mann-Whitney U-test, p = 0.003). For black-tailed godwits, δ 13 C values of adults were significantly lower than juveniles (p = 0.049).
Sampling seasons were determined according to the biological status of shorebirds.
Consequently, autumn was considered beginning in late July and finishing at the end of October. This period includes the presence of shorebirds migrating to Africa and wintering in Europe. Winter was considered to be comprised between the beginning of November and the end of March (wintering season), while spring included April and May. Summer was therefore constituted by the rest of the year. Nevertheless, only three redshanks were sampled in this season. With the exception of this species, differences appeared depending on the season where birds were sampled in the Pertuis Charentais (Fig. 5) . Indeed, the trophic position of dunlins sampled in winter was significantly higher than that of birds sampled in autumn for the muscle (p = 0.003) and the feathers (p = 0.034). The same trend was observed in the feathers of red knots (p = 0.016) and in the muscle of black-tailed godwits (p = 0.021).
No significant differences were observed in regard of the foraging habitat of individuals (δ 13 C).
Discussion
This study allowed investigating and comparing the relation between trophic habits of several shorebird species and their trace element bioaccumulation. Previous studies mainly focused on a single species and used stable isotopes to explain variability in element concentrations within these species (Bearhop et al., 2000; Nisbet et al., 2002) . Furthermore, because of the difficulty to obtain internal tissues of birds, other isotopic studies mainly used blood, eggs or external tissues such as feathers (Braune et al., 2002; Ofukany et al., 2012) .
This study provides therefore, for the first time, the opportunity to compare the link between elemental concentrations and feeding habits using various types of tissues at the community level.
Trace element bioaccumulation in shorebird species
In the environment, birds mainly accumulate trace elements through the food ingested even if some minor pathways exist such as atmospheric deposition and drinking water (Cosson et al., 1988) . The current study, one the first characterising trace element accumulation of several shorebird species in relation to their feeding habits, demonstrated generally low elemental concentrations. It allowed however to differentiate the degree of bioaccumulation of species using potentially the same habitats: intertidal mudflats. First, red knots and dunlins were characterized by higher As concentrations in kidney but also in the liver for red knots, as previously pointed out by Lucia et al. (2012b) . Depending on the chemical form ingested, this essential element could trigger several adverse effects in birds (Eisler, 1994; Kunito et al., 2008) . Shorebirds of this study feed mainly on benthic macroinvertebrates (Mouritsen, 1994; Quaintenne et al., 2010; Robin et al., in press) which can accumulate inorganic forms of As (Dierschke et al., 1999) . Moreover, even if As is mostly accumulated in its organic form, many organic arsenicals undergo biotransformation and organisms could be exposed to toxic intermediates (Albert et al. 2008) .
Elevated Se concentrations also discriminated both species from redshanks and godwits, with however, red knots reaching twice the Se concentrations of dunlins in the liver and kidney (Lucia et al., 2012b) . At high exposures, Se and Hg can each be individually toxic, but evidence supports that their co-accumulation reduces each other's toxic effects (Peterson et al., 2009) . A Se:Hg molar ratio approaching 1 strongly suggest the existence of mercuric selenide (HgSe). In this study, ratios calculated in the liver and kidney of shorebirds always exceeded 1. Presumably, birds are protected against Hg toxicity but this result raises concern about the surplus of Se and its possible toxicity. Hepatic Se concentrations exceeding 10 µg g -1 dw were associated with lower reproductive success in breeding female mallards (Heinz et al., 1987; Outridge et al., 1999; Stanley et al., 1996) . It is remarkable that this element was highly accumulated in female dunlins and redshanks compared to males, as previously observed in American avocets Recurvirostra americana from the San Francisco Bay (Ackerman and Eagles-Smith, 2009) . It is however difficult to explain differences between sexes since the feeding ecology of these species is not well known in all their stopovers. To our knowledge, no difference in the diet between sexes has been reported but it is likely that a difference exists in the amount females and males ingurgitate. Secondly, godwits were characterized by the highest Ag, Cu, Fe, Hg, Mn and Zn concentrations among the four species. This species appeared to accumulate a variety of elements probably through its diet which is mainly constituted by the bivalves Macoma balthica and Scrobicularidae in the Pertuis Charentais (Robin et al., in press ). Finally, redshanks were characterized by the highest Cd concentrations in the liver and kidney compared to the other species. This bioaccumulation could come from a variety of sites where they forage during their migration route, but nevertheless the Pertuis Charentais are known to be contaminated by this element through the Gironde and Charente estuaries discharges (Boutier et al., 2000; Jouanneau et al., 1990; Pigeot et al., 2006) . All these discrepancies in element bioaccumulation could mainly come from the repartition of the trophic resources between the shorebirds on a same site and the variety of sites and prey they use along their migratory pathways. Dunlins and redshanks are considered are generalist species and feed in diverse habitats on a larger range of prey species (Dierschke et al., 1999; Jones, 1976, Goss-Custard et al., 1997; Lifjeld, 1983; Vieillard, 1973; Yasué et al., 2003) than red knots and black-tailed godwits which are more specialized and dependent of intertidal mudflat habitats in winter (Piersma, 2007) . In intertidal coastal habitats, dunlins mainly feed on marine polychaetes, molluscs and crustaceans (Davidson, 1971; Durell and Kelly, 1990; Mouritsen, 1994; Worrall, 1984) , while various molluscs, crustaceans, oligochaetes and insect larvae have been found in the food of dunlins migrating through inland Europe (Sterbetz, 1992) . In various sites, dunlins are indeed able to switch their diet to juvenile fish, shrimps, and dipteran larvae or spilled amphipods as observed in the southern Baltic Sea (Dierschke et al., 1999) . This species is able to meet its daily energy requirements in a variety of coastal and freshwater habitats because, compared to most of shorebird species, they display greater flexibility in foraging modes in response to environmental changes (Baker and Baker, 1973) . In Europe, the Redshank diet demonstrated also a high variety of prey on intertidal mudflat (Goss-Custard and Jones, 1976; Goss-Custard et al., 1997) but they can seasonally shift on others feeding habitats like marshes or saltworks (Masero and Pérez-Hutardo, 2001; Sánchez et al., 2005) . In contrast, red knots feed almost exclusively on marine molluscs (Piersma et al., 1993) such as M. balthica, Cerastoderma edule and Hydrobia ulvae (Quaintenne et al., 2010) . In some sites such as Marennes-Oléron, up to 87% of the food ingested was constituted by H. ulvae (Quaintenne et al., 2010) .
Unfortunately, any clear conclusion could be drawn about the origins of the trace element bioaccumulation of each species because of the lack of specific data on element concentrations of macrofaunal community in all the sites birds cross. It is however apparent that one tissue is not sufficient enough to drawn conclusion about trace element bioaccumulation variations between species, especially when studying shorebirds species with a multiplicity of origins. Concentrations typically differ among tissues according to mechanisms specific to molecular binding and metabolic rate (Boudou and Ribeyre, 1995; Muir et al., 1988) . Indeed, results demonstrated that trends observed in internal tissues such as liver and kidney were not necessarily observed in feathers. In this tissue, dunlins were characterized by elevated As and Se concentrations but no clear patterns could be noticed for the other species. Feathers are indeed a record of exposure during the months preceding their growth, especially for Hg. Once the feather is formed, the blood irrigation subsides implying that no further trace element can be deposited. Moulting process represents therefore an excretory outlet for trace elements such as Hg (Thompson and Furness, 1989) . In contrast, the liver and kidney are tissues involved in detoxification processes. Consequently, these organs store high levels of non-essential elements such as Cd in vertebrate top predators, as observed in this study (Arai et al., 2004; Stewart et al., 1996) .
Relationship between trophic position, feeding habitat and trace element bioaccumulation
In this study, important variations of isotopic signatures were found in regards of the sampling season, especially for the Dunlin and the Red Knot. This result could be mainly explained by the multiplicity of subspecies and populations with different phenologies and different length of stay on the local intertidal mudflats. For example, two subspecies of godwits could be recorded in the study area with L. l. islandica wintering from September to March and L. l. limosa only present during fall and spring migrations (Robin, 2011) .
Nevertheless, the great majority of the birds sampled belonged to the wintering subspecies L.
l. islandica and their isotopic signatures in the liver attest of their local diet while the values for staging birds in migration probably partly attest of their diet in the previous stopover or wintering site. The same pattern is encountered for the three others species along the East Atlantic Flyway with two, three and four subspecies for Red Knot, Dunlin and Redshank, respectively. For each species at least one population winters in Africa and can be found in the Pertuis in autumn or in spring (Cramp and Simmons, 1983; Delany et al., 2009 ).
In the present study, the trophic position of redshanks and dunlins appeared noticeably higher than in red knots and black-tailed godwits in the three tissues studied. As described previously, both species are considered as generalist species with a larger range of prey species in diverse habitats such as insect larvae, amphipods or crustaceans (Dierschke et al., 1999) . In complement, red knots seem to use different niches than the other species with more marine carbon signatures enriched in 13 C in internal tissues, especially in the liver. Nevertheless, the same trend was not observed for feathers where differences were observed between dunlins, red knots and black-tailed godwits. This result clearly demonstrates variations occurring between tissues.
Stable isotope analysis has become a powerful tool to study dietary exposure and biomagnification of contaminants in wild animal populations. In this study, nitrogen signatures of birds were positively related to Hg concentrations meaning that the more birds fed on prey enriched in 15 N, the more their Hg concentrations were elevated. Hg under its methylated form is well known for its ability to biomagnify in aquatic food webs (Kidd et al., 1995; Kwon et al., 2012; Polak-Juszczak, 2012) . This biomagnification trend was verified with shorebirds of the Pertuis Charentais (Fig. 4) . Redshanks had higher trophic status and also higher Hg concentrations in the three tissues, especially feathers, than the other three species. First, this result demonstrates that compared to other species, redshanks consume prey with higher Hg concentrations. In contrast, the long-migrant red knots had lower Hg concentrations and δ 15 N values than the other species. Overall, it appears that the bird species with the ability to feed on a variety of prey in different coastal ecosystems displayed greater Hg concentrations than more specialized ones. Previous authors have observed this pattern for inland wading birds in the southeastern United-States (Bryan et al., 2012) . However, the same authors observed that differential use of freshwater and saltwater aquatic systems in coastal environments by wading bird species leads to variations in δ 15 N values and Hg contents in nestling feathers which also result in the opposite trend expected for Hg biomagnification in food chains. It clearly contrasts with the present study where generalist species such as redshanks able to feed on a variety of habitats displayed elevated Hg concentrations and δ 15 N values. Importantly, beside this inter-specific effect of feeding habitat and diet, the correlations found between Hg concentrations and δ 15 N values in all the tissues demonstrates that feathers could act as a good indicator for Hg bioamplification in shorebird species.
Biomagnification of Se has been reported by some authors (Lemly, 1985 (Lemly, , 1999 Muscatello and Janz, 2009) and argued by others (Barceloux, 1999; Saiki et al., 1993) . In the present study, Se biomagnification was observed in muscle and feathers of shorebirds from the Pertuis Charentais, as revealed by the positive correlation between δ 15 N values and Se concentrations in both tissues. The more birds fed on high trophic status prey, the more they presented elevated Se concentrations in their tissues. This result was especially observed in the feathers for which dunlins and redshanks displayed the highest Se concentrations and δ 15 N values compared to the other species. Nevertheless, this pattern was not observed in the liver.
This result suggests that biomagnification process happened during the growth of feathers.
Biomagnification has also been shown for As in aquatic systems (Suedel et al., 1994) . In the present study, this trend was only found in the feathers but not in the internal tissues.
Interestingly, both As and Se were positively linked to carbon ratios in birds. This result demonstrate that birds feeding in more marine habitats are more exposed to As and Se. One of the principal outcomes of this study is the differences appearing between tissues when investigating the link between trace elements and feeding ecology of shorebirds. As stated above, different tissues represent different period of dietary integrations of such elements as well as different tendency to accumulate specific elements (Hobson et al., 2004) . Tissues from animals that periodically switch diets in response to changes in prey availability or habitat may have distinctive isotopic ratios depending on the turnover rate of the tissue, the isotopic composition of the new diet, and the duration of the diet switch (Jardine et al., 2006) . Overall, these results suggest that feathers are an important tissue to analyse in terms of long-term exposure of birds to trace elements such as As, Hg, and Se resulting from past dietary habits.
This study demonstrated that shorebirds using the same habitats in the Pertuis Charentais were characterized by differential trace element bioaccumulation. Concentrations of As and Se tend to be elevated in red knots and dunlins and possibly could trigger adverse effects in these species (Heinz et al., 1987; Kunito et al., 2008; Outridge et al., 1999; Stanley et al., 1996) . Redshanks displayed however higher Cd concentrations in internal tissues. These patterns in element bioaccumulation could mainly come from the divergence of trophic habits between shorebirds. For some elements such as Hg, trophic positions of shorebirds mainly explain variations in bioaccumulation. This study also demonstrated the biomagnification potential of this metal (Polak-Juszczak, 2012) . Nevertheless, these data highlighted the need to study several tissues to obtain a full comprehension of trace element exposure and pathways in species using various habitats during their migration and reproduction period.
Indeed, feathers could act as a good bioindicator for elements such as Hg and Se, but may not represent internal bioaccumulation for others.
In reason of their migratory status, shorebirds are led to regularly change their diets and habitats along their distribution area (Dierschke et al., 1999; Masero and Pérez Hutardo, 2001) . Our results demonstrate the complexity to link trace element concentrations to trophic positions and diets of shorebirds able to regularly change their feeding habitat during their annual cycle through a large range of latitudes. The multiplicity of subspecies and populations for each species with different origins but overlapping temporally on the same ecosystems makes even more complex to identify trends between the element bioaccumulations and the feeding ecology of shorebirds. It appears necessary when working on migrating birds to distinguish as much as possible the origins of individuals in order to clearly dissociate the different subspecies and populations for comparison inside communities. 
